Introduction {#Sec1}
============

Substantial amounts of oil and water can be solubilized in the form of homogeneous, isotropic thermodynamically stable systems with the help of surfactants, these systems are called microemulsions. Their structures, dynamics, and transport properties have been well reported because of their numerous scientific and technological applications \[[@CR1], [@CR2]\]. Many industrial product formulations require the solubilization or dispersion of hydrophobic, water-insoluble materials in water. Solubilization is also an important element of detergency and finds various applications in micelle-enhanced separation, emulsion polymerization, and the preparation of various cosmetic, pharmaceutical, and agricultural products.

REACH is a European Community Regulation on chemicals and their safe use that deals with the registration, evaluation and restriction of chemical substances. The aim of REACH is to improve the protection of human health and the environment through the better and earlier identification of the intrinsic properties of chemical substances. Among these chemical substances are industrial cleaning products, generally composed of aqueous solutions of surfactants that contain solvents, solubilizers, stabilizers, etc. Due to their common use, these chemical substances need to be studied exhaustively in the near future, not only from the standpoint of their environmental security but also for their efficiency.

Monoacylglycerols (MAG) are a class of polar food lipids obtained from natural raw materials, namely glycerol and fatty acids and they are widely used in many products of the food industry and cosmetics \[[@CR3], [@CR4]\]. Ethoxylated fatty alcohols are not only highly biodegradable but also highly efficient at removing fatty soils \[[@CR5]\]. It is with these nonionic surfactants microemulsions that we are mainly concerned here.

The growing use of non-ionic surfactants is related to their good detergent performance, which is not affected by water hardness, and, in most cases, to their low toxicity. They do not give rise to electrostatic interactions and they remove dirt from synthetic, as well as natural fibers at low temperatures. Most of the studies on ethoxylated nonionic microemulsions are based on fatty alcohols, which are ecologically suitable surfactants, since they are biodegradable and show low water toxicity. Earlier reports \[[@CR6]--[@CR10]\] indicated that hydrocarbon oils were mainly used in the formation of Brij microemulsions and reverse micelles. The characterization of the systems was restricted to the phase behavior, interfacial composition, and PIT studies. Moreover, the blend of surfactants and cosolvents that were used to form ethoxylated alcohol microemulsions have small isotropic regions in the phase diagram or sensitive to electrolyte at the experimental temperature examined.

The present report examines the solubilization process of these types of molecules using environment-friendly resources. Here, we study the phase behavior of systems prepared with water, hexadecane, PG and received from renewable sources nonionic surfactants (MAG and ethoxylated fatty alcohols C~16-18~EO~20~). Owing to their amphiphilic nature, surfactants can form monolayers between oil and water. The properties of interfacial surfactant films which are affected by a change in temperature and/or electrolyte concentration are responsible for the microstructural changes in microemulsions containing nonionic surfactants \[[@CR11]--[@CR13]\]. Along this line, our primary goal was to search for areas of water solubilization in microemulsions stabilized by nonionic surfactants received from renewable sources, at varied temperatures and electrolyte solutions, with model oil phases, preferably thermodynamically stable ones, containing reduced proportions of surfactant.

Experimental Procedures {#Sec2}
=======================

Materials {#Sec3}
---------

Molecular distilled (MAG \> 95%) (MYVEROL RX GMS 95P, a mixture of glycerol palmitic (57,8%) stearic (37.3%) and myristic (1.3%) acid monoesters, were purchased from KERRY BIO-SCIENCE (Netherlands). Ethoxylated fatty alcohols (average molecular formula C~16-18~EO~20~) was purchased from CHEMCO (Poland) and (PG: propane-1,2-diol, 99.5% purity) was obtained from POCH (Poland). Hexadecane, pentadecane, tetradecane, dodecane, decane, octane (model oil phases, purity \>98%) were obtained from FLUKA (Poland). Sodium chloride (NaCl, purity 99,9%) was purchased from POCH (Poland). The water used for the preparation of the systems was purified in a ROpureST/NANOpure system (Barnstead, USA).

Methods {#Sec4}
=======

Microemulsion Formation {#Sec5}
-----------------------

Microemulsions were prepared in a glass thermostated emulsor using a mechanical stirrer (Heidolph RZR 2021, Germany). Water was added dropwise to a mixture of the other components (oil phase and surfactant with cosurfactant) until its solubilization limit was reached, (the system became turbid) under continuous stirring (300 rpm). The temperatures of the microemulsion preparation were 50, 55, 60 ± 1 °C; chosen with respect to the melting temperature of the compounds, mainly MAG.

Since the behavior of four components was to be depicted on a pseudo-ternary phase diagram, the relative concentration of two of the components had to be kept constant for all the experiments. We preferred to use a fixed weight ratio of surfactants-to-cosurfactant (MAG:CEO~20~/PG was 1/1), to reduce the concentration of the surfactants, which is quite common. The oil:surfactants + polyol weight ratios ranging from 0:100 to 10:90 were examined.

Phase Diagrams {#Sec6}
--------------

During the emulsification, the electrical conductivity (the conductivity cell used was a Tetra Con^®^ 325, WTW, Germany) of the studied systems was continuously measured to determine the type of the microemulsion formed. In the case of microemulsions stabilized by nonionic surfactants, a small amount of an aqueous electrolyte must be added for electrical conduction \[[@CR14], [@CR15]\]. Thus, a 0.05% sodium chloride aqueous solution was used in the preparation of the microemulsion samples in place of pure water. Based on the data obtained, pseudoternary phase diagrams were formulated. The isotropic region was identified when clear and transparent systems were obtained by visual examination of samples. The amounts of water of the corresponding phases behavior in the systems were determined from three preparations and showed a maximum standard deviation of ±1%.

Calorimetric Measurements {#Sec7}
-------------------------

Thermal analyses were conducted on a Mettler TA3000 calorimeter (Mettler Instrument, Switzerland) equipped with a TC 10 TA processor and a differential scanning calorimeter (DSC) with a model 30 temperature cell. The DSC measurements were carried out as follows: microemulsion samples (15--30 mg) were weighed into 40-μL aluminum pans and immediately hermetically sealed. The samples were rapidly cooled by liquid nitrogen from ambient temperature to −60 °C and then heated at a constant scanning rate (usually 5 °C/min) to 70 °C. An empty pan was used as the reference.

FT-IR Spectroscopy {#Sec8}
------------------

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet 8700 FT-IR spectrometer and spectra acquisition was controlled by the OMNIC 7.2a software package (Thermo Electron Corporation, Madison, WI). The automatic atmospheric suppression procedures of the software were used to minimize water vapor and carbon dioxide residues in the spectra. ATR spectra in the 4,500--525 cm^−1^ range were measured using the Turbo mode of the EverGlo infrared source. 128 scans were made at 4 cm^−1^ resolution. The single-reflection Specac Golden Gate ATR system was used, equipped with a heated tungsten carbide disc fitted with a 45° horizontal diamond crystal. The liquid samples were held under a lid equipped with a Kalrez O-ring seal to minimize evaporation. The temperature of the sample was kept at 60 ± 0.5 °C with the aid of an external Specac West 6100 + controller. The sample spectra were rationed against a background with an empty, dry cell collected under the same conditions before measuring each sample series.

Droplet Size {#Sec9}
------------

The mean droplet size and size distribution of the microemulsions were determined using a Non-Invasive Back Scatter method (NIBS). A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) equipped with a helium neon laser with a diffraction grating operating at 633 nm was employed. Measurements were made at given temperatures of the microemulsions formation (50--60 °C).

Results and Discussion {#Sec10}
======================

Phase Behavior of Monoacylglycerols: Ethoxylated Fatty Alcohols Microemulsion Systems {#Sec11}
-------------------------------------------------------------------------------------

The pseudoternary phase diagram of the hexadecane/MAG:ethoxylated alcohols/PG/water (C~16~H~34~/MAG:CEO~20~/PG/H~2~O) at 60 °C is presented in Fig. [1](#Fig1){ref-type="fig"}. The MAG:CEO~20~ weight ratios were 90:10 and 80:20. The phase behavior indicates the presence of an isotropic and low viscosity area which is a microemulsion one phase region (ME). It was observed that addition of 10% CEO~20~ to the system of oil/MAG/PG promoted an increase in the volume of solubilized water phases. A maximum concentration of 25% water could be incorporated into the microemulsion at 60 °C (Table [1](#Tab1){ref-type="table"}). Increasing the concentration of ethoxylated fatty alcohols (20%) in those systems results in the possibility of obtaining even larger ME area in the phase diagram. These systems contained maximal amounts of water, i.e. 30.2%. It was stated that the solubilization capacity of a nonionic surfactants system can be improved by blending it with other surfactants. Addition of a second nonionic surfactant has been reported to enhance the solubilization capacity of nonionic surface agents \[[@CR16]--[@CR18]\].Fig. 1Phase diagram of the hexadecane/MAG and MAG:CEO~20~/PG/water systems. *ME* is the area of microemulsion, *LC* is the liquid crystals phase, *X* is the dilution lineTable 1Solubilization parameters of the systems based: hexadecane/MAG:CEO~20~/PG/H~2~O at different temperatures*T* (°C)Oil (%)Sm (%)Wm (%)Wm/SmMAG:CEO~20~ (90:10) 6015.030.025.00.83 5515.030.025.00.83 5015.130.224.50.81MAG:CEO~20~ (0:20) 6014.027.930.21.08 5514.028.129.81.06 5014.328.528.61.00*Wm* maximum amount of solubilized water; *Sm* amount of surfactants needed to obtain maximum solubilization

The creation of a liquid crystal (LC) phase region in the systems with large amounts of stabilized mixture (MAG:CEO~20~/PG from 80 to 100%) was exhibited. An LC phase was distinguished by its very high viscosity and optical isotropy. MAG are able to undergo interfacial crystallization (at oil--water and air--water interfaces) and to form various liquid-crystalline phases with water, which have an influence on their wide use in many food applications, cosmetic products and pharmaceutical formulations \[[@CR19]--[@CR22]\]. The phase behavior of saturated MAG-water systems is relatively well understood \[[@CR4], [@CR23]--[@CR26]\]. Above the Krafft temperature (the melting temperature of the hydrocarbon chains) the liquid crystalline lamellar phase is formed, which can transform into the cubic phase if the temperature is further raised. Below the Krafft point, the lamellar phase transforms into the so-called α-gel (highly hydrated structure of the MAG bilayers with ordered hydrocarbon chains), which in turn converts with time to the so-called coagel phase, a network of platelike crystals \[[@CR27]\].

Droplet sizes are highly dependent on the quantities of the surfactants mixture. We observed that the droplet size of ME, in all cases, increased when CEO~20~ concentration was increased (Fig. [2](#Fig2){ref-type="fig"}a). This effect was probably due to the large size of the ethoxylated alcohol molecules. Particle size distributions were from about 25 to 50 nm for all microemulsions obtained at 60 °C.Fig. 2Diameters of the microemulsions droplet obtained by DLS method for the systems with maximum amount of water and stabilized by **a** different weight ratios MAG:CEO~20~ at 60 °C, **b** MAG:CEO~20~ (90:10) at different temperatures

Influence of Temperature and Electrolyte on the Phase Behavior of MAG:CEO~20~ Systems {#Sec12}
-------------------------------------------------------------------------------------

We also studied the influence of temperature and added NaCl solution on the systems\' behavior. The temperature of the microemulsion preparation was chosen with the respect to the melting temperature of the compounds, mainly MAG (from 50 to 60 °C). The higher temperature may promote the evaporation of water from the system. The electrolyte solutions were 2 and 11% as relatively small and high concentration \[[@CR28], [@CR29]\]. Additionally, in the earlier obtained systems with a maximum amount of solubilized water (water without NaCl, see Table [1](#Tab1){ref-type="table"}), we also applied 0.5% NaCl (point in the phase diagrams). As can be see in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} the area of the microemulsion regions changes very slightly with aqueous NaCl and temperature. This indicates temperature insensitive behavior in selected rage of temperature. Only one system with MAG:CEO~20~ (80:20) obtained at 50 °C contained less than the maximum water phase (beyond the statistical error) as against the rest of ME with maximum solubilization (Table [1](#Tab1){ref-type="table"}). The observed temperature independence of these systems can be a consequence of the stabilized solubility of the MAG in the water. This means that the glycerol ester nonionic surfactant is slightly affected by temperature due to the stabilized hydration of the head groups and that the slight changes in the area of the microemulsion region as a function of temperature is due to the presence of the ethoxylated alcohols with the polyoxyethylene head group in the surfactant mixture \[[@CR30]--[@CR32]\]. It was reported earlier \[[@CR33]\] that temperature (up to 70 °C) does not have much effect on the present pure ethoxylated nonionic surfactant microemulsion system. The only change observed was in the one-phase microemulsion area. In our case it can be concluded that the increase of temperature and also the presence of NaCl does not cause drastic changes in the pseudoternary phase diagram with mixed nonionic surfactants. It was also stated that temperature affects the droplet size slightly in the systems with MAG:CEO~20~. Figure [2](#Fig2){ref-type="fig"}b shows that in microemulsions stabilized by MAG and 10% of CEO~20~, particle size distributions were from about 25 to 40 nm.Fig. 3Phase diagram of the systems of hexadecane/MAG:CEO~20~/PG/water, where the weight ratio of MAG:CEO~20~ were: **a** 90:10; **b** 80:20; obtained at 60, 55 and 50 °CFig. 4Phase diagram of the systems of hexadecane/MAG:CEO~20~/PG/water, where the weight ratio of MAG:CEO~20~ were: **a** 90:10; **b** 80:20; obtained with different NaCl solutions

However, in the systems with electrolyte and more than 40% of oil phase (weight ratio: oil/MAG:CEO~20~ 40/60 ÷ 90/10) (Fig. [4](#Fig4){ref-type="fig"}) the turbid regions were observed after we had added initial amounts of the water phase. Only after adding a certain volume of water did the transparent systems occur. The cause of this situation is that the cloud point temperature of ethoxylated nonionic surfactant is affected by the concentration of the surfactant and the addition of electrolyte. The small and strongly polarizable anion (Cl^−^) tends to promote the water structure and dehydrate the ether oxygen of poly(oxyethylene) type nonionic surfactant. This consequently decreases the cloud point temperature by making the surfactant less hydrophilic (salting-out effect) \[[@CR12]\]. With addition of the water phase (NaCl solution) to these systems, we changed the concentration of the surfactants to entirely ME and probably therefore, after adding a certain volume of the water phase, the transparent systems were observed. It was also found that with the increase in salinity, the hexadecane/MAG:CEO~20~/PG system does not become considerably more efficient in solubilizing of water (Table [2](#Tab2){ref-type="table"}).Table 2Solubilization parameters of the systems based: hexadecane/MAG:CEO~20~/PG/NaCl~aq~ at 60 °CNaCl (%)Oil (%)Sm (%)Wm (%)Wm/SmMAG:CEO~20~ (90:10) 015.030.025.00.83 0.515.030.025.00.83 2.015.030.025.00.83 11.014.829.625.90.88MAG:CEO~20~ (80:20) 014.027.930.21.08 0.514.027.930.21.08 2.013.827.631.01.12 11.013.627.132.21.19*Wm* maximum amount of solubilized water, *Sm* amount of surfactants needed to obtain maximum solubilization

Thermodynamics of Water Solubilization {#Sec13}
--------------------------------------

U-type microemulsions were formulated upon water solubilization in mixed surfactants/PG/hexadecane medium. The corresponding free energy of dissolution (Δ*G*~s~^o^) at a constant temperature can be obtained from the relation \[[@CR34]--[@CR36]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \Updelta G_{\text{s}}^{\text{o}} = - RT \, \ln \, X_{\text{d}} $$\end{document}$$where *X*~d~ is the mole fraction of the dispersed phase (in our case water) and *R* is the gas constant. The estimation of Δ*G*~s~^o^ herein reported was performed based on mole fraction of dispersed water. The free energy of solubilization (Δ*G*~s~^o^) for water-in-oil microemulsions studied were calculated and the values are given in Table [3](#Tab3){ref-type="table"}. It was found that the Δ*G*~s~^o^ values decrease with water content in the water-in-oil microemulsions indicating that adding water to the water-in-oil microemulsions disrupts their organization. We calculated also that Δ*G*~s~^o^ values are independent on the ethoxylated alcohols content in the mixed surfactants when the systems contained equal amount of water (not shown in the Table).Table 3Δ*G*~s~^o^ values of the selected water/MAG/CEO~20~/hexadecane systems at 60 °C for different mixing ratios (w/w) of monoacylglycerols/ethoxylated alcoholsWeight ratio C~16~H~34~/(MAG + CEO~20~):PGWater volume fractionΔ*G*~s~^o^ (kJ/mol)MAG + 10% CEO~20~MAG + 20% CEO~20~MAG + 10% CEO~20~MAG + 20% CEO~20~80/200.060.092.291.7160/400.090.141.991.3440/600.140.191.481.1220/800.250.300.910.72

Electrical Conductivity {#Sec14}
-----------------------

By using electrical conductivity measurement, the type and structure of microemulsions was determined \[[@CR37], [@CR38]\]. The concentration of sodium chloride in water equals 0.05%. It should be mentioned here that the addition of this small amount of electrolyte to the water used in the formulation of the microemulsions has no effect on the area of the one phase microemulsion region. The changes of electrical conductivity together with an increase in water content over the monophasic area of the hexadecane/MAG:CEO~20~/PG/solution of 0.05% NaCl systems at 60 °C, along the *X* dilution lines, are shown in Fig. [5](#Fig5){ref-type="fig"}a. As we can see from the curves obtained, in all the systems obtained (with pure MAG and MAG:CEO~20~ ratios of 90:10:80:20) the electrical conductivity of the microemulsions increased gradually with the increase in water content. Even after about 30 wt% solubilization of water, the system conductivity did not exceed 20 μS/cm. It seems, therefore, that the microemulsions have a microstructure that even at high water content does not invert. After reaching the maximum, conductivity decreases, probably due to the increase in the viscosity of the systems.Fig. 5**a** The electric conductivity κ of the microemulsions as a function of water content (W wt%) in the system of hexadecane/MAG and MAG:CEO~20~/PG/solution of 0.05 wt% NaCl; at 60 °C; **b** Plot of d (log κ)/d(W) as a function of the water content for the system presented in **a**

Figure [5](#Fig5){ref-type="fig"}b shows a plot of dlog κ/dW as a function of the water content fraction for the systems presented in Fig. [5](#Fig5){ref-type="fig"}a. Occurrence of the changes (the maximum) have been attributed to the occurrence of a percolation transition. Our systems (MAG, MAG + 10% CEO~20~ and MAG + 20% CEO~20~) did not present a maximum because they were probably already percolated, even with 1% of the aqueous phase. A model for the explanation of the behavior of the slope dlog κ/dW as a function of the water fraction was initially shown in our previous work \[[@CR39]\]. The ethylene oxide moieties of the head group of the monomeric surfactant may already be associated with the polyol (cosurfactant) in the absence of water \[[@CR40]\]. Addition of water may then encourage the formation of short cylinders, which further transform into water channels in an oil phase due to the attractive interaction between the spherical microdroplets of the water phase and upon further dilution system turn into bicontinuous microemulsions.

It has been found that the aggregate structure, and consequently the intrinsic geometry of an individual amphiphile, has a strong influence on the shape of the micelles and other dispersed systems \[[@CR41]\]. The different shapes of the micellar aggregates can be characterized by the critical packing parameter defined as, CPP = *v*/*a*~o~*l*~c~, where *a*~o~ is the effective cross-sectional area of the head group, and *v* and *l*~c~ are the volume and critical chain length of the hydrophobic chain, respectively. The CPP values for spherical, cylindrical and lamellar particle are \~1/3, 1/3\< CPP \<1/2, and 1/2\< CPP \<1, respectively. We assume that the added water may bind with the hydrophilic CEO~20~ molecules. Consequently, the effective cross-sectional area of the surfactant head group increased, and hence CPP decreased and favored the structure growth. On the other hand, MAG have a relatively small polar group and a larger hydrophobic tail which may show that the CPP of these molecules is approximately 1. We also calculated the HLB (hydrophilic-lipophilic-balance) numbers of surfactants mixture according to the Davies method \[[@CR42]\] (which is inversely related to the packing parameter). Our results show that the HLB for a mixture of the surfactant MAG:CEO~20~ is 90:10 and 80:20 is 9.5 and 10.7 respectively, which indicate that the bicontinuous (lamellar) structure is preferentially created in these systems.

Thermal Behavior of Systems {#Sec15}
---------------------------

When describing the state of water in relation to any surface in dispersed systems, a distinction is usually made between free and bound (interfacial) water. We followed the method utilized by Senatra \[[@CR43]\] and then Garti et al. \[[@CR44]\], in which the endothermic scanning mode was applied and the peaks representing various states of water were identified and analyzed. Free water is assumed to have physicochemical properties not much different from those of pure water. Thus, it should, for example, freeze at approximately 0 °C \[[@CR45]\]. The interfacial water was reported to melt at temperatures ranging from −15 to −5 °C, for microemulsions stabilized by anionic surfactants \[[@CR46]\] or by ethoxylated alcohols \[[@CR47]\]. Bound water is that water which is associated with hydrophilic groups and counter ions and which melts at temperatures lower than −10 °C.

Figure [5](#Fig5){ref-type="fig"} demonstrates the thermal behavior of the pure ethoxylated surfactant and the system of hexadecane/MAG:CEO~20~/PG/water, with different amounts CEO~20~ in mixture with MAG and in which the concentration of water phase was maximum. As described above, the samples were cooled to −60 °C to freeze the microstructure. Upon heating, a series of endothermic events takes place, the temperatures and enthalpies of which are dependent on the relative amounts of amphiphile, hexadecane, and water. Pure MAG (shown in our previous work \[[@CR38]\]) melted at 70.6 °C. When we use MAG in the W/O microemulsion system, the endothermic peak of this surfactant is shifted to a lower temperature (48.9 °C) which is similar to the CEO~20~ melting point temperature. The hexadecane endothermic melting peak appears at +17.5 °C. We suggest that the peaks at −4.9 and −9.3 for the system with 10 and 20% CEO~20~ (Fig. [5](#Fig5){ref-type="fig"}b, c) may be due to interfacial and bound water respectively. However, the range of those peaks was from about −25 to +2 °C (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Thermogram for *a* pure CEO~20~, *b* the system of hexadecane/MAG:CEO~20~ (90:10)/PG/water; *c* the system of hexadecane/MAG:CEO~20~ (80:20)/PG/water. All microemulsion systems consist of the maximum amount of water (Table [1](#Tab1){ref-type="table"})

Propylene glycol (PG) like water forms hydrogen bonds, and has a relatively high dielectric constant. It was reported that polyols such as PG provided a ''salting-in'' effect \[[@CR48]--[@CR51]\]. It was assumed \[[@CR48]\] that a considerable fraction of PG molecules is incorporated into the surfactant layer and thus increases the interfacial fluidity, while the other fraction of the PG molecules resides in the water bulk and decreases its polarity. In our previous work \[[@CR39]\] we showed that water strongly binds to PG and the melting event of the binary system, e.g. water/PG is lowered. In this context we cannot clearly attribute the endothermic events to the type of water interaction that exists in those systems.

FT-IR Spectroscopy {#Sec16}
------------------

We analyzed of the FI-IR spectra of the hexadecane/MAG:CEO~20~/PG/water microemulsions as a function of water content (W%wt.) to clarify the states of dissolved water in W/O microemulsions. A typical spectrum of these systems was made in the frequency range 2,600--4,400 cm^−1^ and also normalized to the same height of the band maximum. For comparison, the spectrum of pure water at 60 °C is also reported (3,400 cm^−1^). We found that with the increase in the weight fraction of water in microemulsions, no significant differences in the wavenumber of pure water were observed. It suggested that free water was present in microemulsions stabilized by MAG:CEO~20~.

Influence of Hydrocarbon Structure (Oils Phase) on the Solubilization of MAG:CEO~20~ Systems {#Sec17}
--------------------------------------------------------------------------------------------

In this study, the influence of hydrocarbon structure (C8, C10, C12, C14, C15, C16) on the solubilization of dispersed systems was evaluated. In the systems of oil phase/MAG:CEO~20~/PG/water, there were differences found between regions of *W*/*O* microemulsion existence. When the hydrocarbon chain length was decreased from 16 to 14, the corresponding areas of microemulsion existence were similar. Systems containing dodecane, decane and octane displayed a smaller region compared to the microemulsions with longer hydrocarbon chain oils (Fig. [7](#Fig7){ref-type="fig"}a, b). The effect of the surfactant concentration on the solubilization of water in the presence of different oil is shown in Fig. [8](#Fig8){ref-type="fig"}. For a quaternary system of surfactant (*S*)/oil (*O*)/(PG)/water (*W*), the following symbols were defined: α represents the weight fraction of water in oil plus water,$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \beta = \, S/(W + O + S + {\text{PG}}). $$\end{document}$$Fig. 7W/O type microemulsion areas in the phase diagram of the systems of oil/MAG:CEO~20~/PG/water, **a** MAG:CEO~20~ 90:10; **b** MAG:CEO~20~ 80:20; obtained at 60 °C, depending on the chain length of the oil phaseFig. 8The effect of hydrocarbon chain length of oil phase on α-β relationship for the systems of oil/MAG:CEO~20~/PG/water, where MAG:CEO~20~ were **a** 90:10; **b** 80:20; obtained at 60 °C

We calculated that solubilization capacities are not dependent on the MAG and ethoxylated alcohols content in the mixed surfactants MAG + 10%CEO~20~ used, in the presence of oils with hydrocarbon chain C~16~, C~15~ and C~14~ (Fig. [8](#Fig8){ref-type="fig"}; Table [4](#Tab4){ref-type="table"}). For the corresponding MAG + 20%CEO~20~ systems, a smaller amount of surfactant mixture was required to solubilize more water in the systems with hexa- and pentadecane. Hou and Shah \[[@CR52]\] have reported that the emulsion solubilization capacity decreases as the hydrocarbon chain length increases. In comparison, Mehta et al. obtained the values which are in the reverse order of that expected from the above-mentioned model. In their works, the solubility increases with increased molecular volume of oil. Such an order had also been reported earlier \[[@CR6], [@CR7]\], where ethoxylated alcohol microemulsions solubilized larger triglycerides to a greater extent than their short-chain counterparts. This is attributed to the fact that the solubilization depends not only on the geometric parameters but also on chain stiffness, branching, etc. In the present case, it might be the mutual miscibility between the hydrophobic parts of the surfactants and the oil that affects the degree of oil penetration into the amphiphilic film as well as the spontaneous curvature.Table 4The influence of oil phase structure on microemulsion compositionIncorporation of water in microemulsions at 60 °COilMaximum amount of water solubilized in ME (at surfactant concentrations) (% w/w)WaterMAGCEO~20~MAG:CEO~20~ (90:10)*n*-Hexadecane25.027.03.0*n*-Pentadecane25.926.73.0*n*-Tetradecane24.527.23.0*n*-Dodecane23.127.83.1*n*-Decane20.028.83.2*n*-Octane14.930.63.4MAG:CEO~20~ (80:20)*n*-Hexadecane30.222.35.6*n*-Pentadecane30.222.35.6*n*-Tetradecane25.923.75.9*n*-Dodecane25.923.75.9*n*-Decane24.524.26.0*n*-Octane24.524.26.0

Conclusion {#Sec18}
==========

Microemulsions based on (MAG) and ethoxylated fatty alcohols, safe nonionic surfactants in the presence of PG and different oil phases, concerning their ability to solubilize the water phase were formulated and characterized for the first time. The mixed surfactants systems improve the water solubilization capacity and are able to form U-type microemulsions (large continuous isotropic region in the phase diagram). The weight ratios of mixed surfactants determine the extent of water solubilization and the properties of the systems. These microemulsions form bicontinuous microstructures and the size of microemulsion droplet is dependent on the ethoxylated alcohols content. Temperature and NaCl concentration have negligible effect on the hexadecane/MAG:CEO~20~/PG/water systems. The conditions where the microemulsion region was found (different NaCl concentration, temperature-insensitive, comparatively low oil content and low surfactant concentration, bicontinuous structure) are similar to the conditions that may be useful in detergency. Those studies, on presented model microemulsions, are a background paper and are expected to play a key role in our further research to obtain systems with triglycerides which make solubilization more difficult.
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